The RoboHound TM Project was a three-year, multiphase project at Sandia National Laboratories to build and refine a working prototype trace explosive detection system as a tool for a commercial robot. The RoboHound system was envisioned to be a tool for emergency responders to test suspicious items (i.e., packages or vehicles) for explosives while maintaining a safe distance. The project investigated combining Sandia's expertise in trace explosives detection with a wheeled robotic platform that could be programmed to interrogate suspicious items remotely for the presence of explosives. All of the RoboHound field tests were successful, especially with regards to the ability to collect and detect trace samples of RDX. The project has gone from remote sampling with human intervention to a fully automatic system that requires no human intervention until the robot returns from a sortie. A proposal is being made for additional work leading towards commercialization.
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Introduction
Overview
The RoboHound Project was a three-year, multiphase project that began in October 2002 and was completed in September 2005. It was initially a weapon security research and development effort. The project investigated combining Sandia's expertise in trace explosives detection with a wheeled robotic platform that could be programmed to interrogate suspicious items remotely for the presence of explosives. The RoboHound system was envisioned to be a tool for emergency responders to test suspicious items (i.e., packages or vehicles) for explosives while maintaining a safe distance. Two Sandia departments (the Entry Control and Contraband Detection Department and the Mobile Robotics Department) worked on the task. The RoboHound system was designed at Sandia National Laboratories (SNL) concurrently in Building 821 and in MO250 at the Robotic Vehicle Range (RVR). Annual field testing was performed at the RVR, where realistic outdoor testing environments exist.
Proven sampling and preconcentration hardware from the Hound Project [ref. 1] was used for the first proof of concept. From this foundation, each of the three years of development resulted in a unique version of the RoboHound system. Incremental improvements were implemented from the results of the previous year's field tests. Improvements were made using stereo-lithography for working components and noncontact sensors to maintain the distance of the air inlet nozzle from the suspicious package. Improvements were also made to the robot controls and interface to automatically create a search path based on the geometry of the package being interrogated.
Objective
The objective of the RoboHound Project was to develop a remote explosives detection system that could be used both at a critical facility's entry controlled points and in emergency response situations. Before the development of RoboHound, trace explosives detection equipment required an operator to stand within a few inches of a potential explosive device when obtaining a sample for chemical analysis. This project developed a prototype remote-controlled trace explosives detection system using a wheeled robot platform, a Sandia-developed sample collector and preconcentrator, and a commercial detector. An integrated software package was developed to allow an operator to easily maneuver the robotic platform into position while the operator remained in a "command" trailer up to one hundred feet away from a suspect vehicle, package, or other object. The robotic platform approached and imaged the object to create a three-dimensional scanning path. The air surrounding the object was sampled, and then a commercial detector performed an on-board analysis for explosives. The long-term goal was to develop a semi-automated system that performed searches and screening tasks with minimal operator involvement.
Statement of Work
The proposal was for a three-year, three-phase project. The primary goals of Phase I were to (1) determine system requirements and (2) develop a working proof-of-concept model that incorporated an existing Sandia-developed trace explosives detection system and a robotic platform (with programmed search pattern capabilities) for technical evaluation.
The goals of Phase II were to develop novel trace explosives sampling and detection concepts based on lessons learned from the proof-of-concept model and to produce a laboratory prototype for evaluation. The emphasis of the remote sampling technology development was the creation of a device that is capable of sampling several potential improvised explosive device (IED) container shapes. The detection system would have near-time remote explosives detection capability.
The goals of Phase III were to refine the prototype and perform a system evaluation in a semirealistic environment.
Robotic Platform
The Turing robot ( Figure 1 ) was chosen for this project because of its interchangeable tool set and its ability to approach suspicious packages using a tethered Ethernet cable. The Ethernet cable was chosen over radio-frequency communications to prevent the accidental triggering of a radio-frequency-activated detonator attached to the explosives being interrogated. The Turing robot was on loan from the British military to perform basic research. The Mobile Robotics Department staff at SNL added a stereoscopic charge-coupled device (CCD) vision system to the robot to enhance the ability to image and scan three-dimensional geometry. 
Preconcentration
Trace explosive residue is collected and concentrated on a steel mesh preconcentrator screen as shown in Figure 2 . 1 The sample is then desorbed from the screen by a short, high-temperature heating cycle (around 200 °C in less than 2 seconds) and introduced into the commercial detection system. The use of a rapid desorption cycle to introduce the concentrated sample to the detector improves the ability to detect trace levels of explosive residue. For vapor sampling, the improvement is a result of the greatly increased volume of collected air sample and subsequent concentration of that sample into a much smaller volume than can be rapidly delivered to the detection system.
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Figure 2. How Sandia's Preconcentrator Works
The Hound System
The Hound system ( Figure 3 ) is a hand-held system that inspired RoboHound. The Hound front end is a portable sample collection and preconcentration system designed by SNL to enhance the detection abilities of commercial trace explosive detectors. For this project, the team used the General Electric (GE) VaporTracer2. The Hound can perform both vapor (contactless) and swipe (contact) sampling. Vapor sampling is performed by placing the vapor screen module in the slot of the vapor collection unit and pressing the switch to start the blower. The operator controls the length of time for vapor sampling, which typically lasts from 5 to 30 seconds. (Less than 5 seconds would not provide enough sample; longer than 30 seconds could "wash out" the explosives from the preconcentrator.)
The recovery time for the VaporTracer2 depends on the amount of explosive present. For example, for 10 ng of TNT desorbed from the vapor screen module, cleanup time is approximately 20 seconds. For significantly greater amounts of explosives, the cleanup time can reach tens of minutes and may require manual system cleaning.
An optional external laptop computer can be connected to the RS232C port on the VaporTracer2 to capture, display, and save the test results. The laptop allows easier access to VaporTracer2 information such as test spectra, detection algorithms, and settings. For the initial proof of concept, the Hound sample collector and preconcentrator were held by a robotic arm and used to sweep the air surrounding a suspicious package. The vapor module was moved to the desorb unit for heating and delivery to the delivery to the commercial detector ( Figure 4 ). Capitalizing on another sample collection project that was under way, the two teams shared designs such as the gripper interface, power and logic controls, and the air impeller and direct current (DC) motor assemblies.
Sample Collection and Preconcentration unit
The first RoboHound ( Figure 5 ) was adapted from the Hound sample collector and preconcentrator, and from the MicroHound Project [ref. 3] including an inlet nozzle, an internal battery, a remote battery recharge connector, a thermally resetting circuit breaker, remote control plug, an on-off button at the back and on the top, and a light emitting diode (LED) indicator so that the operator could tell that the RoboHound was operating when viewed from a CCD camera on the robot. A three-pin Cannon connector was mounted on the rear surface to allow the robot operator to remotely operate RoboHound.
RoboHound carried an on-board 12 Volt DC rechargeable battery (manufactured by Frezzi), to minimize the power loading on the robot. A section view of the assembly is shown in Figure 6 .
Air was drawn into the inlet nozzle by a 12 Volt DC motor and impeller assembly, manufactured by the Dewalt Corp. Air flow measurements performed in the laboratory showed that we recorded the highest air flow by using a 12 Volt motor and the impeller from a 7.6 Volt motor/impeller assembly. The 7.6 Volt assembly from Dewalt had a larger impeller than the 12 Volt assemblies. RoboHound operational measurements are shown in Figure 7 . During Phase I, the handle at the top of the RoboHound sample collector was eventually removed to install the tool changer pyramid grip. The team performed battery lifetime measurements to predict when the batteries had to be replaced for recharging during field experiments. Measurements of the 12 Volt motor and the impeller from the 7.2 Volt motor/impeller assemblies gave average air flows of 1750 feet per minute (FPM), an increase of 50 FPM from the 7.2 Volt motor/impeller assemblies. The average battery current (in green) was 6.0 Amps. The average battery voltage (in red), measured when the motor was off, was 13.8 Volts, and the average air flow (in blue) was approximately 1750 FPM. In the battery lifetime test, the battery had a total on-time of 21 minutes and 55 seconds. These tests were done with 10 seconds on time followed by 20 seconds off time.
A key item in Figure 8 is the initial "on" current in the upper left graph. The initial on current is saturated in this graph due to analog-digital scale settings. Further measurements showed that the initial on current peaked as high as 25 Amps. The current settled to its average value of 6 Amps in less than 1.5 seconds. This high initial current drain became important in the FY04 tests when the power supply was routed from the robot battery. 
Initial RoboHound Field Test
In Figure 9 , the RoboHound is shown during the field test, sniffing for explosive residue on the door handle of a government van. When the 10 second air sample was accomplished, the robot was driven back to the operator area. The scanning of the RoboHound around the suspect packages was performed manually from the robot operator station (Figure 10) . At this time, we limited the air sampling time to 10 seconds to minimize the amount of collected explosive particles lost through the preconcentrator metal mesh. The preconcentrator was removed manually and installed on the Hound, a front end preconcentrator heating assembly interfaced with a GE VaporTracer2 commercial explosives detector. The preconcentration and detection were started manually, and a laptop computer displayed the explosive compound detected. Single fingerprints of C4 and TNT, approximately 100 to 500 micrograms of explosive residue/ fingerprint, were successfully sampled and detected in the FY03 field test. Output spectra showed that approximately 5 to 10 nanograms of each substance were actually detected. 
Post-Field-Test Improvements for FY04
The following list describes the improvements implemented for FY04:
• Because government vans were checked for explosives at the entrances to SNL Technical Areas, it was decided to stop using operational vans for explosive residue (single fingerprints of C4 residue) and to use van doors from a junk yard instead.
• Automated the manual scanning by RoboHound. Developed a software routine that mapped three-dimensional shapes for auto sample profiling: cardboard boxes, briefcases, and barrels.
• Removed the internal battery and ran the RoboHound from the Turing robot 24 Volt batteries using a voltage divider to obtain 12 Volts.
• Installed a dedicated GE VaporTracer2 detector aboard the robot platform.
• Integrated the RoboHound to the detector. Docking RoboHound to the detector provided automated preconcentrator heating at the time of docking.
• Added noncontact sensors to keep the nozzle the correct distance from suspicious containers. Tested it with a 200 mm laser noncontact sensor.
• Minimized cable lengths.
• Developed a tool changer gripper with electrical connections to provide power to the RoboHound and to the sensors. Added additional contacts to receive the signals from the noncontact sensors.
• Used a rechargeable battery to perform the preconcentration heating/desorption.
• Added a circuit board to the Dewalt motor/impeller assembly to allow easier installation of the thermal circuit breaker and associated motor and sensor wiring.
Phase II -Fiscal Year 2004
RoboHound, Version 2
With the elimination of the internal battery, the design for the next version of RoboHound was streamlined to only housing the motor and impeller assembly, nozzle, preconcentrator, and noncontact sensors. Several designs were considered for docking RoboHound to the detector. The primary problem was the front surface of the preconcentrator that contains any collected explosive particles is the same surface that is to be presented to the detector when the preconcentrator mesh is flash heated. Either the preconcentrator had to be rotated 90 or 180 degrees after sample collection, or the distance from the nozzle to the mesh had to be reduced after sample collection.
We decided to use stereo-lithography fabrication techniques to make a collapsible nozzle. The new nozzle was modeled from a collapsible outdoor drinking cup. An external spring was added to the nozzle to expand it while the air sample was collected and then the nozzle could collapse to less than 1 inch in length, allowing the preconcentrator mesh to be close to the detector at flash heating for accurate explosive detection.
A new gripper ( Figure 11 ) was designed to allow ten separate electrical conduction lines from the robot to the RoboHound. The proper polarity was maintained if the black half of the gripper mated to the black half of the robot gripping fingers. The GE VaporTracer2 was mounted vertically on the Turing robot front end. To reduce shock to the detector from the movement of the robot, the detector was mounted on a spring-loaded Newport X-Y translation table that had the micrometer drives removed. This translation table had an added feature in that the detector assembly had about ½ inch of free travel and could selfalign with the robot arm at docking.
The RoboHound docked with the detector, collapsing the nozzle to get the preconcentrator mesh to within 1 inch of the detector inlet (Figure 12 ). It was essential to get the mesh as close as possible to the detector inlet to facilitate efficient sample transfer to the VaporTracer2 during the desorption process. Two noncontact laser proximity sensors were added to RoboHound to send a measurement of the distance from the end of the nozzle to the suspicious object back to the remote operator. Two sensors were added so that the operator would get a signal of an upcoming obstruction from left or right direction scans. The feedback signal was included in the three-dimensional scanning of the paths, and it kept the nozzle less than 1.0 inch from the surface being tested. In the outdoor field tests, the detectors for the laser sensors often became saturated from the sunlight.
An overall view of the Version 2 RoboHound is shown in Figure 13 , taken during the field test while testing a van door for explosive residue. A flash heating circuit was designed and built for desorbing explosives from the preconcentrator metal mesh. This circuit required the two on-board batteries, one to provide the logic power and the other to provide the high-Amperage direct heating of the mesh. The battery was basically shorted across the metal preconcentrator mesh for less than 1 second to achieve 200 °C.
It was mentioned earlier that the initial turn-on current for the air sampling motor was as high as 25 Amps. When the robot system was first turned on, RoboHound tripped the robot's circuit breakers. A circuit was designed and implemented to limit the motor turn-on to about 7 Amps. The motor took an extra second to turn on, but no longer tripped the circuit breakers.
For the FY04 field tests, the RoboHound system approached a suspicious object, mapped out a search path, collected the air sample, preconcentrated, docked to the detector, flash heated the preconcentrator, and started the detector automatically. This process was performed manually in the previous year. Single fingerprints of C4 and TNT, approximately 100-500 micrograms of explosive residue/fingerprint, were successfully sampled and detected in the FY04 field test. Data analyses showed low nanogram detections of each type of explosive.
Post-Field-Test Improvements for FY05
The FY04 field testing was deemed successful, but items were noted that needed to be improved:
• The laser noncontact sensor detectors were saturated by the direct sunlight during outdoor testing; ultrasonic noncontact sensors were investigated.
• The gripper was too complicated to use as a multitool gripper; the pyramid gripper required redesign to have power and infrared (IR) communication connections.
• Removed the preconcentration heating wires and made that electrical connection at the docking location so that the preconcentrator heated only when docked to the detector.
• The RoboHound body was susceptible to cracking during docking if too much force was used by the robot arm. The body and end plate of the RoboHound were strengthened.
• Made the collapsible nozzle thicker and stronger.
• Developed a way to automatically clean the preconcentrator after positive explosives detection. It was necessary to get a clean reading on the detector before proceeding to the next target.
• Redesigned the RoboHound body to mate with the gripper plate used in the sample collection project (a four-hole mount configuration).
• The Robotics team reconfigured the new gripper with an infrared RS-232 serial communications sensor and receiver to send operational signals from the RoboHound • Performed laboratory testing of trace explosives to determine if the air sampling could be extended beyond 10 seconds
Phase III -Fiscal Year 2005
RoboHound, Version 3
In Phase III, the wall thickness of the RoboHound body was increased to prevent the body and end plate being crushed by the robot arm at docking. The collapsible nozzle was made with a thicker plastic, still using stereo lithography.
Laboratory experiments were performed on trace explosives to determine if the 10 second air sampling time could be increased so that the robot operator could scan more of the target surface between detections. The data from these experiments are given in Figure14.
Figure 14. TNT Alarm Counts as a Function of Air Sampling Duration
The data from Figure 14 show that for trace detection of TNT, the peak air sampling duration was between 5 to 10 seconds. We did particle explosive detection at our field tests, not trace air samples, so a direct comparison may not be valid. The laboratory staff stated that once there are air-collected explosive particles (vs. trace air sampling), the particles were much more likely to stick to the preconcentrator mesh than was the case for vaporized trace samples. The data did not conclusively show that we could always detect explosives at longer air sampling durations; we decided to try it in the field experiments and record the results, so we extended the air sampling at the field experiments to 40 seconds and recorded the results.
The docking of the RoboHound to the GE VaporTracer2 made the electrical connections to the preconcentrator instead of the long cables that were used in FY04. The electrical connections were made at the inside on the new collapsible nozzle as seen in Figures 11 and 12 . The reason for doing this was to reduce the resistance of the flash heating. To heat the preconcentrator metal mesh to 200 °C, a 12 Volt battery was shorted across the mesh for a portion of a second, controlled by integrated circuitry. Unnecessary cable lengths added resistance to the heating circuit.
At lower heating temperatures, not all explosive compounds are released from the preconcentrator. Higher heating temperatures, to an extent, improved the release of the explosive compounds and the probability of those explosive compounds being detected. 
FY05 Field Test Results
The final field test occurred on September 6, 2005, at the RVR. The first sample tested was C4 on the rim of a metal 35 gallon drum. Although RDX from C4 was shown as an elevated ion mobility peak, the amplitude of the RDX was observed to be below the alarm threshold. An experienced operator would have seen the elevated RDX peak and considered the sample as suspicious and worthy of being reinspected. RoboHound was able to detect a fingerprint trace of TNT on the handle of a lunch bucket, and the RDX ion mobility peak was positively identified from a another sample of the explosive C4 on a vehicle door handle. RDX has a very low vapor pressure and is therefore difficult to detect in trace amounts.
The ability of RoboHound to detect RDX shows that the overall system is designed well and that the collapsible nozzle is close enough to the detector when the preconcentrator is flash heated and desorbed. The sample collection screen had to go through two automated cleaning cycles to remove all trace explosives from the preconcentrator. The cleaning cycle involved backing the RoboHound away from the detector about one foot, performing a 40 second air sample while the preconcentrator was flash heated. Then the RoboHound is docked to the detector and the detector is started with a flash heat of the preconcentrator to determine if the screen is clean and ready for the next sample.
Conclusions
All of the RoboHound field tests were successful, especially with regards to the ability to collect and detect trace samples of RDX. The RoboHound system was envisioned to be a tool for emergency responders to test suspicious items (i.e., packages or vehicles) for explosives while maintaining a safe distance, and it has proven itself in that application. The project has gone from remote sampling with human intervention to a fully automatic system that requires no human intervention until the robot returns from a sortie. An automated self-cleaning cycle routine has shown to be effective and keeps the user from having to change the preconcentrator between sorties. Appendix A describes the Lessons Learned, and Appendix B lists some the risks encountered.
Based on these promising results, we have submitted a proposal to SNL to fund the development of the RoboHound system for one final year to prepare it for commercialization. We will work with the Technology Commercialization and Partnerships Center (10100) to prepare RoboHound for commercialization.
We propose the following:
• Purchasing a smaller, commercial robot platform and using the RoboHound as a tool for that platform.
• Implementing the Joint Architecture for Unmanned Systems (JAUS) interface standard [ref. 4] . The JAUS is an architecture specified for use in research, development, and acquisition primarily for Unmanned Systems (UMS). The implementation of JAUS requirements provides for an interoperability capability for commanding and controlling all UMS platforms.
• Modifying RoboHound designs and fabrication methods as might be suggested for commercialization. The RoboHound is a teleoperated remotely controlled explosives vapor detector that can sniff the air around suspicious packages and dock to a commercial GE VaporTracer2 detector. All communications are serial to ethernet via a towed cable.
LEARNING HIGHLIGHTS
The laser proximity sensors are swamped by direct desert sunlight. Try ultrasonic non-contact proximity sensors. Hyde Park ultrasonic sensors: do not follow the wiring instructions, tie all grounds together. Y-axis is distance. Otherwise the analog output goes from 0-10 volts to 1.7 to 0.7. The Impeller, when running backwards, still inhale but not as much, so check the rotation. If you are going to build something, be able to test in the lab entirely, or make an extra to be used in the lab.
Think of the wiring paths before you build the unit.
STL can be metal plated
Build things knowing that they will be dis-assembled many times.
Patience, good communications, and timely meetings with firm agendas are necessary when working within and outside of your organization.
RECOMMENDATIONS SUMMARY
TECHNICAL REVIEW
PROJECT EXPERIENCE RECOMMENDED PROCESS IMPROVEMENTS
10. Do you foresee any material resource concerns?
Robot being available.
11. Are there potential issues associated with the movement of materials?
Dave Hannum and his explosives expertise.
12. Are there potential issues associated with travel? no 13. Are there potential issues associated with personnel safety?
The robot arm drops when deactivated. If a person is near when this happens, one could suffer serious injury.
14. Are there potential safety issues for the customer or end users? no 15. Does the project in any way put the organization's image in jeopardy?
Only if someone gets hurt or if the system does not work. It does work, however.
16. Does the project in any way put any customer's image in jeopardy?
Could enhance if the unit is commercialized properly.
17. Does the project in any way limit future opportunities? We should consider copyright and patents.
21. Are there environmental issues (physical, personal, or societal) that could negatively affect the project?
The explosives detectors (commercial) have sealed radioactive sources (Ni63) that could spread contamination if it were explosed by an IED, or were to start leaking or flaking.
22. What is the worst external catastrophe that would directly impact this project?
A vendor builds a similar product that replaces the RoboHound TM .
23. Are there any little problems that could have a lasting negative impact on the organization, even though they do not create major conflict? no
